Respiratory activities were compared among rice seedlings germinated in air for 6 days (aerobic seedlings), those germinated under water for 5 days (submerged seedlings), and those grown in air for 1 day after 5 days' submerged germination (air-adapted seedlings). The respiratory activity of the submerged seedlings increased rapidly on transfer to air and reached a plateau at 16 hours in air. Respiration of the submerged seedlings was as sensitive to cyanide as those of aerobic and air-adapted seedlings. 2,4-Dinitrophenol had no effect on the respiration of the submerged seedlings, but stimulated those of the other two types of seedlings. Mitochondria from three types of seedlings did not differ in the ADP/O ratio and the respiratory control ratio (RCR) when succinate was oxidized. However, mitochondria from submerged seedln (submerged mitochondria) showed poor RCR of about unity when malate was oxidized. Both the rate of succinate oxidation and succinate dehydrogenase activity were low in submerged mitochondria, but increased during air adaptation. Although submerged mitochondria oxidized malate very slowly, this activity increased after exposure to air without any increase in malate dehydrogenase activity. When NADI was added to submerged mitochondria, oxidaton of malate was restored to the level of the aerobic controls. Addition of NADI enhanced the state 3 rate in submerged mitochondria, and RCR recovered to nearly the same value as that of the aerobic controls. Similar effects of NADI on 2-oxoglutarate oxidation were observed. All these defects in submerged mitochondria were repaired during air adaptation. These results suggest that NAD+-linked substrate oxidation was low in submerged mitochondria because of NADI deficiency, and that the oxidation increased with an increasing level of NADI during air adaptation.
but stimulated those of the other two types of seedlings. Mitochondria from three types of seedlings did not differ in the ADP/O ratio and the respiratory control ratio (RCR) when succinate was oxidized. However, mitochondria from submerged seedln (submerged mitochondria) showed poor RCR of about unity when malate was oxidized. Both the rate of succinate oxidation and succinate dehydrogenase activity were low in submerged mitochondria, but increased during air adaptation. Although submerged mitochondria oxidized malate very slowly, this activity increased after exposure to air without any increase in malate dehydrogenase activity. When NADI was added to submerged mitochondria, oxidaton of malate was restored to the level of the aerobic controls. Addition of NADI enhanced the state 3 rate in submerged mitochondria, and RCR recovered to nearly the same value as that of the aerobic controls. Similar effects of NADI on 2-oxoglutarate oxidation were observed. All these defects in submerged mitochondria were repaired during air adaptation. These results suggest that NAD+-linked substrate oxidation was low in submerged mitochondria because of NADI deficiency, and that the oxidation increased with an increasing level of NADI during air adaptation.
Rice seeds germinate in extremely anoxic environments (17, 20, 23) . The seedlings show respiratory activity of a much lower rate than those of aerobically grown controls (20, 22) . This activity increases greatly after exposure to air (1, 20) , indicating that oxygen is required for further development of the respiratory capacity (21) . Mitochondria, present in coleoptile cells of rice seedlings germinated under anaerobic conditions (4, 20, 23) , develop normally for 48 h (13, 21, 24) . These mitochondria are thought to be derived from precursor forms of mitochondria preexisting in the dry seed embryo. However, vesiculation of the cristae develops afer 72 h of germination under anaerobic conditions (21) . Maintenance of the normal conformation of mitochondria (21) and presumably de novo synthesis of mitochondria require oxygen.
In the present study, we examined the respiratory properties of mitochondria from rice seedlings germinated under water and their changes during air adaptation. We found a marked difference in the effect of NAD + on the oxidation of TCA cycle acids between mitochondria from submerged and air-adapted seedlings.
MATERIALS AND METHODS
Oryza sativa L. cv Yamabiko was used.
Aseptic Procedure and Culture. Seeds were germinated under aseptic conditions in both aerobic and submerged experiments.
They were soaked in 60% ethanol solution for 3 min, then in Antiformin (1% active chlorine) for 20 min, after which they were washed thoroughly with sterilized distilled water. Stainless steel sieves 15 cm in diameter and 5 cm high were placed upside down and used as seedbeds. Seeds were sown on the screen and covered with a sheet of gauze, whose margin was fastened to the side of the sieve with a rubber band. This seedbed was put on the bottom of a container (Witt's filter jar 18 cm i.d.) containing sterilized distilled water 10 cm deep. The upper and side openings were plugged with a silicone sponge and stopper, respectively. All procedures for seeding were done in a Hitachi clean bench. The containers were placed in a dark room at 30°C. When the seeds germinated, roots and shoots were allowed to grow through the meshes of the steel screen and gauze, respectively. After 5 d of germination, water was drained off to the level just below the screen of the seedbed, thus shoots being exposed to air. In experiments to test the effect of glucose on air adaptation, shoots were cut from submerged seedlings just above the mesocotyl upon exposure to air and placed on wet filter paper containing glucose.
Coleoptile (15) . Malate dehydrogenase (EC 1.1.1.37) was assayed in 30 mm phosphate buffer (pH 7.4), 0.1% Triton X-100, 1 mM KCN, 0.2 mM NADH, and mitochondrial suspension. The reaction was started by adding 1 mm oxaloacetate and the rate calculated using an extinction coefficient of 6.22 mm-' cm-' at 340 nm (3) .
The protein content in mitochondrial suspension was measured according to Lowry et al. (10) .
The three types of seedlings used in the present experiments are (a) seedlings germinated for 5 d under water, (b) those germinated for 5 d under water and then 1 d in air, and (c) those germinated for 6 d in air, unless otherwise indicated. They are referred to as 'submerged,' 'air-adapted,' and 'aerobic' seedlings, respectively. Shoots or mitochondria from these seedlings were designated in the same way. RESULTS 02 uptake of aerobic shoots increased on a shoot basis during germination, but decreased on a fresh weight basis and then reached a constant level (Fig. 1) Figure 3 shows the titration of shoot respiration with cyanide. tochondria was inhibited completely by 1 mm KCN. DNP, an uncoupler of respiration, showed no effect on the 02 uptake of submerged shoots, but increased those of air-adapted and aerobic shoots by 35 and 10%, respectively (Table I) .
Examination of the integrity of isolated mitochondria showed good results. For all types of mitochondria, succinate:Cyt c oxidoreductase activity of the mitochondria was only 2 to 5% of that of the osmotically treated ones, indicating that the outer membranes of the isolated mitochondria were intact.
Oxidations of succinate, malate and 2-oxoglutarate were compared among the three types of mitochondria (Table II) . Submerged mitochondria oxidized succinate at a rate of about half that of the aerobic controls, and increased by some 30% during 24 h of air adaptation. In constrast, malate oxidation by submerged mitochondria was extremely low, only 16% that of aerobic controls, but rose to nearly the same level after air adaptation. Similar trends were observed with oxidation of 2-oxoglutarate by submerged mitochondria, though the level reached after air adaptation was 60% of aerobic controls.
Succinate dehydrogenase activity in submerged mitochondria was two-thirds that in aerobic controls, and increased by 30% during air adaptation (Table III) (16, 18) , by which malate oxidation is stimulated (3, 5, 14) . Upon addition of NAD + to submerged mitochondria, malate oxidation was restored to the level of the aerobic controls (Fig. 4) . Malate oxidation was stimulated 5.0-, 1.5-, and 1.1-fold by NAD+ addition in submerged, air-adapted, and aerobic mitochondria, respectively (Table IV) . Under our conditions, mitochondria oxidized succinate, malate (Table IL) , pyruvate, and NADH rapidly, but 2-oxoglutarate and citrate very slowly (data not shown).
However, under hypertonic conditions mitochondria oxidized 2-2 oxoglutarate rapidly (Table II) . Similarly, added NAD + accel-10 erated 2-oxoglutarate oxidation in three types of mitochondria (Table IV) , but not succinate oxidation.
DISCUSSION
Vartapetian et al. (23) showed that when rice seeds were germinated in N2 gas the respiratory activity developed to a certain low level, which was kept for up to 7 d. However, the respiratory activity of submerged seedlings decreased from 4 to 6 d after imbibition. With regard to oxygen uptake on a fresh weight basis, air adaptation of 5-d submerged seedlings was completed in 16 h after transfer to air (Fig. 2) . The rate Of 02 uptake per shoot increased slowly after 16 h. This may be partially due to development of the leaves after transfer to air.
Increment of respiratory activity was lower in excised coleoptiles than in the attached ones, but addition of glucose restored the increment to the same extent as the latter. This suggests that carbon supply from the endosperm supports the increase in respiratory activity during air adaptation.
A rise in respiration of potato tubers after cutting was accompanied by activation of cyanide resistant respiration (9) . However, no such cyanide resistant respiration was noticed in the respiratory rise of submerged seedlings after exposure to air ( Table I ), indicating that there is a difference in the mechanism of respiratory rise between the two cases.
Respiration of submerged seedlings was not stimulated by DNP. Submerged mitochondria showed the same value of RCR in the succinate oxidation as those from aerobic seedlings, thus indicating a good linkage of electron transport with phosphorylation. These results show that the respiration of submerged mitochondria was not limited by the shortage of ADP, though tightly coupled with phosphorylation. There may be two possible reasons for the low activity of submerged seedlings: mitochondrial respiration in situ is limited by the capacity of the pathway at and after the dehydrogenase reaction or by the transport of substrates into mitochondria.
For all three types of mitochondria, Cyt oxidase activity was much higher than the rates of oxidation of any of the substates examined, except that the rate of succinate oxidation in submerged mitochondria was comparable with Cyt oxidase activity (Tables II and III) . As for submerged mitochondria, the greater rate of oxidation of succinate than that of malate and of 2-oxoglutarate (Table II) and the enhancement of oxidation of the latter two substrates by the addition of NAD + ( Fig. 4 ; Table IV) indicates that Cyt oxidase was not rate-limiting the oxidation of these two substrates. When oxidation of succinate, malate and 2-oxoglutarate increased during air adaptation, Cyt oxidase activity increased greatly to be high enough to allow the increased rates of oxidation of these substrates (Tables II and III) . These results suggest that Cyt oxidase was not limiting in substrate oxidation in all three types of mitochondria, except for succinate oxidation in submerged mitochondria. A marked rise in Cyt oxidase on exposure to air of rice seedlings grown in N2 gas has been reported (1).
Avadhani et al. (2) showed that rice seedlings grown under water accumulated more malate than aerobically grown seedlings and that the malate concentration did not decrease in 24 h after the submerged seedlings were transferred to aerobic conditions. This suggests that the rate of malate oxidation by submerged seedlings is very low.
Oxidation of malate in plant mitochondria is known to be stimulated by addition of NADI (3, 5, 14 mitochondria which contained only a low level of NADI, the acceleration was remarkable, but in mitochondria isolated from mung bean hypocotyls which contained a high level of NADI, the acceleration was small (18) . In submerged rice mitochondria, the malate oxidation was very low, and added ADP had almost no effect (Fig. 4) , in spite of the activity of malate dehydrogenase being as high as that of air-adapted mitochondria. Upon addition of NAD+ to submerged mitochondria, however, malate oxidation was restored to the level of the aerobic controls. Addition of NAD + enhanced the state 3 rate in the presence of added ADP more than the state 4 rate, and thus RCR recovered to nearly the same value as that of the aerobic controls. These results suggest that the deficiency of NAD+ may limit the oxidation of malate in submerged mitochondria, and this defect may be removed during air adaptation. Mitochondria from cotyledons of wax beans during germination were shown to be very leaky in vitro, losing about 88% of their total NAD to the suspending medium in a short time (11) . Our mitochondria from submerged seedlings showed good integrity of the outer membrane, judging from the succinate:Cyt c oxidoreductase activity. But the mitochondria may have lost NAD+ into the cytoplasm over a long period of germination under water before isolation.
Yamamoto (26) showed that the nicotinamide coenzyme level in bean hypocotyls decreased when the latter were immersed in water. The level of NAD + in the cell may be low, or NAD + may be released from mitochondria into the cytoplasm in rice seedlings grown under water, i.e. an oxygen-deficient environment. Under such conditions, the TCA cycle may operate at a slow rate. The rise in respiration of these seedlings after 02 became available may result from rapid turnover of the TCA cycle due to an increased level of NAD+ in the mitochondria, if the rate of oxidation of TCA cycle acids is regulated by the NAD+ level.
Morohashi and Bewley (12) showed that oxidation of NAD + -linked substrates of the TCA cycle, such as malate and 2-oxoglutarate, developed later than succinate oxidation in germinating pea seeds. They concluded that the electron transport from endogenous NADH to ubiquinone was limited at the early stage of germination. Late appearance of NAD-linked substrate oxidation may be due to the increased level of NAD + which resulted from the increasing availability of oxygen with emergence of the seedling organs from the grain at the late stage of germination.
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